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Abstract 
This investigation is based on the results of the experiments on small angle neutron scattering (neutron wavelength is O=0.3 nm) 
and goes into patterning trans-atomic-level structure of hydrated portland cement compositions. The following structural 
parameters are determined: particle size distribution, porosity, fractal dimensionality. The paper stresses the effect of both 
artificial (γAl2O3, carbon materials) and technogenic (slurry) nanoagents and nanomodifiers on these structural parameters as 
well as the effect of complex additives with surface-active agents. 
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1. Introduction 
Construction materials science, which is the basis for the production of building materials, to a large extent 
determines the research intensity of the construction industry. Lately, it's clearly connected with the use of 
nanotechnologies and nanomaterials. Nanoadditives and nanomodifiers consisting of nanoparticles can be widely 
used for large-scale production of construction materials such as cement-containing mortars and concretes. 
Nanomaterials can be artificial, natural and technogenic. Artificial nanomaterials perspective for the construction 
industry, include carbon materials (nanotubes, fullerenes), aluminum oxide gamma (γAl2O3). The use of artificial 
nanomaterials in the construction industry is limited due to their high cost. Natural nanomaterials include clays, 
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which has long been widely used in construction. Technogenic nanomaterials are slurries formed as a result of water 
softening process, or chemical vapor deposition of solids in the wastewater of industrial enterprises [1, 2]. 
The use of nanomaterials as nanoadditives and nanomodifiers in cement-containing building materials is aimed at 
adjusting the properties of the final product and to a large extent related to the impact that nanodisperse particles 
have on the formation of cement stone structure at the nanoscale during hydration of Portland cement [3,4,5,6,7]. 
Superatomic structure of substance in the range of distances from fractions of a nanometer to several hundred 
nanometers can be investigated using the method of small-angle neutron scattering [8] by analyzing the dependency 
of the scattering intensity of monochromatic beam of neutrons from the scattering angle. 
The relation of scattering angles range with neutron wavelength is that this method allows us to determine the 
structural parameters of almost all types of nanosystems. Small-angle scattering makes it possible to analyze the 
structure of disordered systems, and often its application is the only way to obtain the structural parameters of 
materials samples with random distribution of heterogeneities in the nanometer range. In this paper we have studied 
the structure with the help of small-angle neutron scattering at the nanoscale of Portland cement compositions 
modified with additives of artificial and technogenic origin. 
2. Materials research 
Slurries, as a technogenic product, are formed as a result of dispersion and absorption processes, chemical 
reactions and mixing, settling and coagulation processes. This produces a precipitate with a concentration of solids 
up to 10%. After compaction and dehydration we obtain suspension. It is distinguished by the stability of structure, 
homogeneity and consistency of composition [1,2]. 
The economic feasibility of applying technogenic raw materials should be based on the maximum use of its 
original state advantages at minimum cost of processing. The main parameters that characterize any industrial 
wastes are chemical and mineralogical composition, dispersion, chemical activity, state of matter.  An important 
factor for using industrial wastes is also the volume of their formation [9]. 
At the core of chemical deposition a mechanism of crystals occurrence is included, provided that they are in the 
equilibrium state in solution. Equilibrium gives rise to a certain relation between the size of a seed crystal and the 
degree of supersaturated solution. The formed seed crystal can either grow or dissolve depending on the 
concentration of solution. 
Slurries, as wastewater products, can be divided into three groups [2]: 
x Compounds that have relatively high ordering tendency. These are crystalline precipitates consisting of 
hydroxides bivalent metals;  
x Trivalent metal compounds with a typical initial formation of metastable active forms transitioning to the active 
crystalline forms;  
x Metal hydroxides that have low ordering structure. Precipitating, these compounds are X-ray amorphous, and 
only on long storage they begin to show signs of passing to the crystalline state. 
According to this classification, the first group includes slurries of carbonate and sulfate compounds, as well as 
hydroxide with a predominance of bivalent metals. Slurries of carbonate and sulfate compounds can be active fillers 
in a variety of complex compositions (cement, mixed and gypsum binder concrete, mortar and so on). 
The second group includes aluminate, aluminum-alkali and aluminum calcium slurries. They should be used in 
the composition of ceramic materials, multicomponent binders and so on. 
The third group comprises the hydroxide slurries of galvanic production of chrome, nickel, cuprum, zinc and so 
on. They are desirable to use in firing technology.  
 According to the content of basic oxides, slurries can be divided into groups: those with a predominance of s-
cations (Са+2, Mg+2); p and d-cations (Fe+3, Cr+3, Аl+3). They also can be divided into two groups due to the basicity 
factor. The first group (М0 > 1) includes slurries essentially consisting of fine crystalline CaCO3 and, also hydroxide 
slurry, wherein the amount of CaCO3 and MgCO3 dominates over the content of metal hydroxides. The second 
group (M0 < 1) includes aluminum calcium, aluminum-alkali and galvanic production slurries.  
Filter cake humidity is typically 40-70% most of which is related to the adsorption and chemisorption bound 
water. Adsorption on solid surfaces leads not only to deformation of the adsorbent, but may also change the 
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structure of the solid phase surface. The adsorption of atoms and molecules, both physical and chemical, can change 
the amount of surface stress, which causes the restructuring of the surface layers. This reconstruction increases the 
surface area of solid particles and hence their activity. The high adsorption capacity of slurries to water gives them a 
set of structural and rheological properties. A precipitate, as any colloidal system, has a high structure-forming 
ability as the water passes into colloidal-bound state and gives it a cohesive plastic structure. Thus it can be argued 
that within caking complex and diverse processes take place: chemical (formation of new substances), physical and 
chemical (adsorption, coagulation, microaggregation), physical and mechanical (seal, fine grinding of aggregates 
and particulates) [1,10,11,12]. 
On the stage of slurry formation (waste water - sediment) their self-organization occurs that affects the formation 
of the fractal structure of slurry particles. The process of self-organization in slurries is associated with the motion of 
its constituent particles and it depends on their density, size and interaction with other particles. Lightweight and 
movable slurry particles pass into the stable state through series of non-equilibrium states. This effects on the high 
degree of randomness and the pursuit of self-organization at the stage of formation and at the same time, it causes 
their final high degree of homogeneity. 
Slurry particles have excess energy contributing to the implementation of chemical interactions and, also 
influence the formation of the contact area between the particles of cement and filling aggregate. At the same time, 
slurry particles contribute to the adhesion strength of cement compositions [1,13]. This way the conditions for slurry 
formation fit into the concept of sol-gel nanotechnology, which allows to refer them to nanotechnogenic raw 
materials [1,14]. 
To study the effect on the structural parameters of cement-containing materials, slurries were used that are 
formed during wastewater reactant purification in the electricity-producing industry, ferrous and non-ferrous 
metallurgy selected at the final stage of their formation. Chemical composition of slurries was largely dependent on 
the type of process and conditions under which the formation occurred [2]. The composition of slurries is given in 
Table 1. 
 
Table 1. The composition of slurries. 
Slurry sample Al2O3 [%] CaO [%] MgO [%] Fe2O3 [%] SiO2 [%] SO3 [%] Losses by 
steaming [%]  
Carbonate 0-13 36-47 2-14 2-13 2-4 0-6 34-41 
Aluminum-alkali 43-59 0-9 0-4 0-7 0-1 0-8 32-57 
Aluminum calcium 14-34 11-19 2-8 1-8 3-7 2-7 32-51 
 
The mineralogical composition of slurries is rather complicated [2]. The carbonate slurry primarily consists of 
calcium carbonate and brucite, and impurities comprise compounds of magnesium and iron, gypsum, silica, 
magnesite. Aluminum-alkali slurry primarily consists of aluminum hydroxide, sodium hydroaluminate, calcium 
hydroxide. Aluminum calcium slurry is mainly composed of calcium and aluminum hydroxides, and impurities 
contain gypsum. To determine the dispersed particles composition, structural parameters of their surface slurries 
have been investigated formed during wastewater reactant purification in the electricity-producing industry, ferrous 
and non-ferrous metallurgy selected at the final stage of their formation. Chemical composition of slurries is largely 
dependent on the type of process and conditions under which the formation occurs [2]. For the production of cement 
compositions samples, we used Portland cement without additives PTs400-D0. During the Portland cement 
hydration process, modifying additives were injected such as artificial (γAl2O3) and technogenic (slurries). Water-
cement ration ranged from 0,27 to 0,30.  
3. Research methods and results 
Cement compositions samples have been investigated by small-angle neutron scattering method [1]. The 
measurements were performed using X-ray diffraction meter "Membrana- 2" installed on the reactor WWR-M at the 
B.P. Konstantinov Petersburg Nuclear Physics Institute, National Research Center "Kurchatov Institute" 
[15,16,17,18,19,20].  
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The neutron beam had a wavelength O=0.3 nm, linewidth 'O/O=0.3. The range of the transmitted neutron pulses 
varied from 0.03 nm-1 to 0,8 nm-1, where T – scattering angle of neutrons.  Scattered on the samples neutrons were 
detected by 41-channel detector in the range of small angles T = r 2. 
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Scattering centers (sources) in the present experimental range of transmitted neutron pulses are nanoscale density 
inhomogeneities of the sample material, coherent to the wavelength of scattered neutrons. Such centers in these 
cement compositions samples are different phases’ borders, grains, volume pores and pores at the border of phases 
and grains. 
Neutron scattering cross sections σ(q), given to the unit volume of the sample (cm3) and unit solid angle :, which 
are functions of the transferred pulse q, were obtained from the experimental spectra of scattered neutrons. 
Background and past contributions without scattering through the sample beam (transmissions) were taken into 
account. There was data normalization in relation to the neutron scattering intensities by standard cross-section 
sample (1 mm H2O). Neutron scattering with all the samples was produced mainly into the small angles area. 
Figure 1 shows the neutron scattering cross sections σ(q) obtained for cement compositions samples containing 
carbonate and aluminum-alkali slurries as modifying additives. The samples curing time is 7 days. 
Neutron scattering cross sections on the studied samples in absolute terms (related to 1 cm3 of the sample 
volume) are described by the following model function: 
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Parameter V0 reflects scattering power of the sample on the nanoscale inhomogeneities and the D exponent points 
to the fractal nature of these objects. [21] The B parameter specifies the level of incoherent scatter due to the water 
presence in the hydrated cement samples. 
The calculated value of the fractal dimension for samples in hydrated cement compositions containing modifying 
additives are listed in Table 2. Slurries, gamma-alumina were used as additives and, also surface active substances 
(SAS) were added into the samples. Table 2 shows that in all the studied samples we have massive fractals. 
 
a) b) 
  
Fig. 1. Experimental neutron scattering cross-sections by the cement compositions samples. (a) with addition of carbonate slurry; (b) with 
addition of aluminum-alkali slurry. 
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                                                 Table 2. The fractal dimension of cement compositions samples. 
Sample Additive type (slurry)/[%] 
SAS 
[%] D 
1 - - 3,49r0,02 
2 Carbonate/5,0 - 3,40r0,02 
3 Carbonate/5,0 2,0 3,28r0,02 
4 aluminum-alkali /4,5 - 3,36r0,02 
5 aluminum-alkali /4,5 2,0 3,25r0,02 
6 aluminum calcium /4,8 - 3,38r0,02 
7 aluminum calcium /4,8 2,0 3,27r0,02 
8 Al2O3/2,5 - 3,30r0,02 
9 Al2O3/2,5 2,0 3,24r0,02 
 
When analyzing small angle neutron scattering data we can determine the correlation J(R) function as the average 
self-convolution of the scattering U(R) density in the particle and the received from it distance distribution function 
G(R) [8]. 
These functions are related to the shape of particles (they are quantitatively describe a set of segments connecting 
the volume particle elements), and also depend on the distribution of inhomogeneities within the particles. The 
distance distribution function G(R) is the following [8]: 
2 2 2sin( )( ) ( ) d qRG R R R q dq R
d qR
VJ ª º     « »:¬ ¼³   (3) 
The graph of distance distribution function G(R) indicates if there are some particles of R radius in the present 
material. From the experimental data for neutron scattering cross-sections using a software package GNOM 4.5 
(ATSAS 2.3) by the Fourier transform, the distribution of scattering objects in approximation to the homogeneous 
areas have been recovered [22]. When fitting the experimental data, the maximum range of scattering objects varied 
from 50 to 100 nm. Description of the scattering data was accurate enough, if the maximum size of the scattering 
area was chosen to be about 80 nm. 
However, the mid-radius of scattering objects for cement compositions test samples ranged from 30 to 60 nm 
[15,16,21,23]. 
 
a) b) 
  
Fig. 2. Experimental distance distribution G(R) for cement compositions samples. (a) with addition of carbonate slurry, (b) with addition of 
aluminum- alkali slurry. 
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Figure 2 shows the distance distribution function G(R) obtained for the cement compositions samples containing 
carbonate and aluminum-alkali slurries as modifying additives. The samples curing time is 7 days.  
4. Conclusion 
The use of artificial and technogenic nanoadditives in cement compositions allows to influence the hydration 
behavior and formation of cement stone properties. Besides, nanoadditives influence the structural parameters of 
hydrated cement compositions that is, nanoparticles distribution in size, fractal dimension.  
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